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FIG. 2
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FIG. 4
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FIG. 6

READ IN iw.sns AND e6 ——101

|

CALCULATE iuk, ivk  [™—~102

CALCULATE i, iR 103

CALCULATE x 6 —— 104

CALCULATE fu(x8) ——105

CALCULATE iu. est —— 106

ZERO CROSSING

F iw. sns?
NO 108 , ~109
ADOPT ju. est FIX Vd, Vg
Vo 110
INTERPOLATE iu. est

|

EXECUTE d-g CONVERSION
(uvw — dq)

\
END



US 9,160,267 B2

1
AC MOTOR CONTROL APPARATUS

CROSS REFERENCE TO RELATED
APPLICATION

The present application is based on and incorporates herein
by reference Japanese patent application 2012-35960 filed on
Feb. 22, 2012.

TECHNICAL FIELD

The present disclosure relates to an AC motor control appa-
ratus including a three-phase motor and a current sensor for
sensing a current in one phase of the motor.

BACKGROUND

In recent years, because of the global need for lower fuel
consumption and less exhaust emission, electric and hybrid
vehicles mounted with an AC motor as a mechanical power
source are proposed. By way of example, a hybrid vehicle is
mounted with a DC power supply, which may be a secondary
battery, an electric power converter, which includes inverters,
and AC motors. The power supply is connected to the motors
via the power converter. The inverters convert the DC voltage
from the power supply into AC voltages for driving the
motors.

The hybrid or electric vehicle is provided with a control
apparatus, which includes two or three current sensors for
sensing the currents in two phases or three phases of a three-
phase motor. The apparatus controls the motor according to
the outputs (sensed currents) from the current sensors. Thus,
it is necessary to provide two or three current sensors for each
of' motors. This results in a bar to simplification of the parts of
the inverter that include three-phase output terminals. This
also results in a bar to reduction of the cost of a motor control
system of the vehicle.

Patent documents 1 (JP 2004-64903A), 2 (JP H10-
225199A),3 (JP 2001-145398A, U.S. Pat. No. 6,229,719), 4
(JP 2004-159391A) and 5 (JP 2008-86139A, US 2008/
0079385) disclose exemplary AC motor control apparatuses,
which use one current sensor relative to plural phases.

In patent document 1, one current sensor is provided in a
DC power supply line to sense a current flowing in a bus. If the
current sensor is provided in the DC power supply line in a
control system for a high power AC motor mounted in a
vehicle, not only the assembling work near the DC power
supply line is complicated but also extension ofthe DC power
supply line causes current conduction noise. Thus an inverter
will become large and expensive.

In patent document 2, a d-axis current Id and a g-axis
current Iq are calculated from a sensed current of one phase
among three phases by using a state equations determined in
accordance with motor constants. According to this technol-
ogy, since the motor constants vary with temperature, it is
likely that an estimation error becomes large when the d-axis
current Id and the g-axis current Iq are calculated by solving
the state equations. Thus motor control cannot be stabilized.
Further, complicated calculation processing is needed and
hence it is not readily possible to implement such a technol-
ogy in a control ECU (microcomputer).

In patent document 3, a d-axis current Id and a g-axis
current Iq of an AC motor are calculated by d-q conversion of
a sensed current of one phase among three phases and esti-
mated phase currents of other two phases. The currents Id and
Iq are averaged by first-order delay filters and inversely d-q
converted to estimate phase currents of the other two phases.
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According to this technology, a delay is caused in the esti-
mated current and motor control cannot be stabilized by an
influence of a first-order delay filter provided for averaging,
when atorque change or a rotation speed change is required as
in a vehicle.

In patent document 4, one current sensor is provided for
sensing a current flowing in one phase (for example, U-phase)
among phases of an AC motor and currents of the other two
phases (for example, V-phase and W-phase) are estimated
based on a current of one phase (for example, U-phase)
sensed by the current sensor, d-axis and g-axis command
currents, and electrical angle information of the AC motor.

Specifically, this technique includes: determining a
U-phase current phase angle 6' (=0+a.) by adding the com-
mand current phase angle j between the g-axis and the vector
resultant from the d-axis command current 1d* and g-axis
command current Iq* of the AC motor to the angle 0 between
the rotor of the motor and the U-phase axis of the stator of the
motor; calculating a current amplitude Ia from the U-phase
current phase angle 6' and the sensed current [u in the U-phase
according to the following equation (A); calculating esti-
mated currents [v and Iw in the V-phase and W-phase respec-
tively from the current amplitude Ia and U-phase current
phase angle 6" according to the following equations (B) and
(C); calculating an d-axis estimated current Id and an g-axis
estimated current Iq from the sensed current Iu in the U-phase
and the estimated currents Iv and Iw in the V-phase and
W-phase respectively; and performing the feedback control
of the current in the AC motor by so calculating a command
voltage for the motor that the estimated currents Id and Iq
equal the command currents Id* and Iq* respectively.

Ta=I/NTBx{-sin(6"}] A)

D=V {A3)xlax{-sin(6'+120°)} (B)

Iw=V{I3)xlax{-sin(0'+240°)} ©

A d-axis estimated current Id and a g-axis estimated cur-
rent Iq are calculated based on the sensed current Iu of one
phase and the estimated currents Iv and Iw of the other two
phases. Command voltages for the AC motor are calculated
and the current flowing to the AC motor is feedback-con-
trolled so that the estimated currents Id and Iq attain the
command currents 1d* and Iq*.

Here, a current vector of the AC motor follows a command
current vector (current vector corresponding to a current com-
mand value), while fluctuating relative to the command cur-
rent vector because of influence of a control error, a feedback
control and the like. Thus a deviation (deviation) arises
between an actual current phase and a command current
phase and hence the command current phase does not accu-
rately reflect the actual current phase.

However, the actual current phase is not considered at all in
this method. The estimated currents of the other two phases
are calculated by using the U-phase current phase angle deter-
mined from the command current phase angle. As a result, the
estimated currents cannot be calculated sufficiently accu-
rately and the AC motor will not be controlled properly.

In patent document 5, one current sensor is provided to
sense a current flowing in one phase (for example, U-phase)
of plural phases of an AC motor. A sensed current of the
U-phase sensed by this current sensor is used together with
three-phase command currents of the AC motor to estimate
currents of the other two phases (for example, V-phase and
W-phase).

Specifically, the AC motor is controlled by means of a d-q
conversion using an electrical angle based on a sensed current
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Tu of the U-phase and command currents Iv* and Iw* of the
other two phases of three command currents [u*, Iv* and Iw*,
which are calculated from a d-axis command current Id* and
a q-axis command current Iq* of the AC motor based on the
electrical angle. The command currents of the other two
phases are not sensed by the current sensor. However, simi-
larly to patent document 4, the actual current phases cannot be
accurately detected if the three-phase command currents are
substituted in the other two phases, for which no current
sensor is provided. Therefore, in a vehicle, in which a torque
and a rotation speed are required to change from time to time,
estimated currents will not be calculated sufficiently accu-
rately, and hence the AC motor will not be controlled prop-
erly.

SUMMARY

It therefore an object to provide an AC motor control appa-
ratus, which stably drives an AC motor having a current
sensor in only one of three phases of a three-phase AC motor
(one phase among three-phase outputs of an inverter).
According to one aspect, an AC motor control apparatus is
provided for a system, which includes a three-phase AC
motor having a first phase, a second phase and a third phase,
and a current sensor for sensing a current flowing in the first
phase. The AC motor control apparatus includes a controlling
part configured to control power supply to the AC motor. The
controlling part includes a current estimating part, which is
configured to calculate a reference current phase of the first
phase, based on an a-axis current and a f$-axis current in a
fixed coordinate system defined by an c-axis and a [-axis,
which are in a same direction as the first phase and perpen-
dicular to the first phase, respectively, and calculate an esti-
mated current of at least a second phase other than the first
phase based on the reference current phase of the first phase
and the sensed current of the first phase.

BRIEF DESCRIPTION OF THE DRAWINGS

The above and other objects, features and advantages will
become more apparent from the following detailed descrip-
tion made with reference to the accompanying drawings. In
the drawings:

FIG. 1 is a schematic diagram of a driving system of a
hybrid vehicle;

FIG. 2 is a schematic diagram of an AC motor control
apparatus, which is applied to the driving system shown in
FIG. 1, according to an embodiment;

FIG. 3 is a block diagram showing a current feedback
control for an AC motor of the hybrid vehicle;

FIG. 4 shows a fixed coordinate system (c-f coordinate
system) on a basis of a W-phase of the AC motor;

FIG. 5 is a block diagram showing a current estimating
part; and

FIG. 6 is a flowchart showing processing of a current
estimation routine.

DETAILED DESCRIPTION OF THE
EMBODIMENT

An AC motor control apparatus will be described below
with reference to embodiments, which are applied to a driving
system of a hybrid vehicle mounted with AC motors and an
internal combustion engine as mechanical power parts.

Referring to FIG. 1, a hybrid vehicle is mounted with an
internal combustion engine 1, a first AC motor 13A, and a
second AC motor 13B. The driving of the first AC motor 13A
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4

by the output from the engine 1 transmits driving force to a
shaft of the second AC motor 13B. Mainly, the transmitted
driving force and the driving force of the second AC motor
13B drive tire wheels 2 fixed to an axle 5. The crankshaft of
the engine 1 and the shafts of the motors 13A and 13B are
coupled together by a mechanical power divider 3 (for
example, a planetary gear mechanism). The shaft of the sec-
ond AC motor 13B is coupled to the axle 5 by a differential
reduction gear 4. The motors 13A and 13B are connected to a
DC power supply 11, which may be a secondary battery, via
an electric power converter 6, which includes inverters. The
motors 13A and 13B transmit electric power to the power
supply 11 and receive electric power from it through the
converter 6.

A driving force computer circuit 7 includes a computer for
controlling the whole vehicle. The computer circuit 7 detects
an operating state of the vehicle by reading in an accelerator
signal output from an accelerator sensor (not shown), a brake
signal output from a brake switch (not shown), a shift signal
output from a shift switch (not shown), and signals output
from other sensors and switches. The computer circuit 7
exchanges control signals, data signals, etc. with an engine
control circuit (not shown), which controls the operation of
the engine 1, and a motor control circuit 16 (FIG. 2), which
controls the operation of the motors 13A and 13B. The com-
puter circuit 7 controls the driving force of the engine 1 and
motors 13A and 13B by outputting a driving force require-
ment according to the operating state of the vehicle.

As shown in FIG. 2, the AC motor control apparatus is
mounted on the hybrid vehicle. Because the AC motor control
apparatus for the AC motors 13A and 13B are substantially
identical in structure, the AC motor control apparatus for an
AC motor 13 representing the motors 13A and 13B will be
described below.

The DC power supply 11, which may be a secondary bat-
tery, is connected to a voltage-controlled three-phase inverter
12, which drives the AC motor 13. Alternatively, the power
supply 11 may be connected to the inverter 12 via a boost
converter or the like.

The AC motor 13 is a three-phase permanent-magnet syn-
chronous motor with permanent magnets in its rotor. The
motor 13 is mounted with a rotational position sensor 14 (for
example, a resolver) for sensing the rotational position (rota-
tional angle) of the rotor. The motor 13 is also mounted with
only one current sensor 15 for sensing the current in one phase
(sensor phase) of the motor 13. The current sensor 15 senses
the current flowing in the W-phase as the sensor phase of the
motor 13. The motor 13 may not be a permanent-magnet
synchronous motor, but may be an induction motor or another
synchronous motor. The sensor phase, for example W-phase,
is exemplarily referred to as a first phase, and U-phase and
V-phase are referred to as a second phase and a third phase.

The inverter 12 converts the DC voltage from the DC
power supply 11 into three-phase voltages U, V, and W in
accordance with six three-phase arm voltage command sig-
nals UU, UL, VU, VL, WU and WL output from the motor
control circuit 16 (controlling part). The inverter 12 drives the
AC motor 13 by applying the voltages U, V, and W to the
motor 13.

The motor control circuit 16 controls a switching operation
of'the inverter and regulates three-phase AC voltages supplied
to the AC motor 13 so that an output torque of the AC motor
13 attains a target torque. For this purpose, the current flowing
in the sensor phase of the AC motor 13 is detected and feed-
back-controlled (current F/B control) so that a deviation
between the command current, which corresponds to the tar-
get torque, and an estimated current (described later), which
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is calculated based on control information such as detection
values of the current sensor 15 and the rotational position
sensor 14, is reduced.

As shown in FIG. 3, the motor control circuit 16 calculates,
based on a command torque trq* and by using data map or
mathematical equations, a d-axis command current id* and a
g-axis command current ig* (those may be expressed as a
current command vector) in a rotating coordinate system (d-q
coordinate system), which is set as a rotor rotating coordinate
of the AC motor 13.

The motor control circuit 16 further calculates an electrical
angle e0 based on the rotational position m6 (rotation angle)
of'the AC motor 13 detected by the rotational position sensor
14. In the motor control circuit 16, a current estimating part 17
calculates the d-axis estimated current id.est and the g-axis
estimated current ig.est (these may be expressed as an esti-
mation current vector) in the rotation coordinate system
based on the sensed current iw.sns of the sensor phase
(W-phase in this embodiment) of the AC motor 13 detected by
the current sensor 15 and the electrical angle ef of the AC
motor 13. In addition, the command currents iu* and iv* of
the other two phases (U-phase and V-phase) calculated by an
inverse d-q conversion based on the d-axis command current
id*, g-axis command current iq* and the electrical angle e6 of
the AC motor 13.

The motor control circuit 16 then calculates a d-axis com-
mand voltage Vd and a g-axis command voltage Vq. The
d-axis command voltage Vd is calculated by the PI control or
the like to reduce a deviationAid between the d-axis command
current id* and the d-axis estimated current id.est. The g-axis
command voltage Vq is calculated by the PI control or the like
to reduce a deviation Aiq between the g-axis command cur-
rent iq* and the g-axis estimated current iq.est.

The motor control circuit 16 calculates three-phase com-
mand voltages Vu, Vv and Vw based on the d-axis command
voltage Vd, the g-axis command voltage Vq and the electrical
angle ee of'the AC motor 13. The motor control circuit 16 then
converts these three-phase command voltages Vu, Vv and Vw
into three-phase six-arm voltage command signals UU, UL,
VU, VL, WU and WL by PWM control method, which is
represented by, for example, a triangular wave comparison
method or a spatial vector modulation method. The motor
control circuit 16 outputs the three-phase six-arm voltage
command signals UU, UL, VU, VL, WU and WL to the
inverter 12. The inverter 12 converts the DC voltage to three-
phase AC voltages based on the three-phase six-arm voltage
command signals UU, UL, VU, VL, WU and WL, and sup-
plies these AC voltages to the motor 13. Thus the AC motor 13
generates torque when the three-phase currents are supplied.
The motor control circuit 16 detects the AC current flowing in
the sensor phase (W-phase) of the AC motor 13 and F/B-
controls (current F/B control) the AC current so that the
output torque attains the target torque Trq* (command
torque). That is, the motor control circuit 16 operates to
reduce a deviation between the command currents id* and iq*
corresponding to the command torque and the estimated cur-
rents id.est and iq.est.

A method for estimating the current in the AC motor 13 by
means of the current estimating part 17 will be described
below.

Generally, the currents iu, iv and iw respectively in the
three phases of the AC motor 13 vary at a phase difference of
120 degrees between them with the electrical angle €0, the
amplitude and phase of a current vector, and so on. By way of
example, for the calculation of an estimated current iu.est in
the U-phase of the motor 13 from the sensed W-phase current
iw.sns, the current estimating part 17 may use the electrical
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angle x0 that is 0 degree when the sensed current iw.sns
crosses zero (0 ampere) from a negative polarity to a positive
polarity, and that is 180 degrees when this current crosses zero
from the positive polarity to the negative polarity. The angle
x0 is a current phase relative to the W-phase, and is equivalent
to the angle between the W-phase and the current vector. In
this case, the sensed current iw.sns and the estimated U-phase
current iu.est can be expressed respectively by the following
equations (1) and (2), where Ia is the current amplitude.

iw.sns=laxsin(x0) (€8]
in.est=Iaoxsin(x0-120°)

@

By using the relationship expressed by the equation (1), it
is possible to transform the equation (2) as follows.

iu.est = lax sin(xf — 120°)

1 3
=-3 X fax sin(x8) — g X la X cos(x8)

_ . V3  laxsin(x8)
= —zxzw.sns— - XW
_j 1 V3 « i
V277 Xl iw.sns

This makes it possible to express the estimated U-phase
current iu.est in the U-phase with the sensed W-phase current
iw.sns and the current phase x6 relative to the W-phase by the
following equation (3). This also makes it possible to express
the estimated U-phase current iu.est to be expressed with an
estimation factor fu(x0) according to the current phase x0 by
the following equation (4).

_ 1 V3 . @

iu.est = {_5 - % el X iw.sns

iv.est = fu(x0) X iw.sns “)
1 V31 ®)

where fu(x0) = 27 *m 0

FIG. 4 shows a fixed coordinate system (c.-p coordinate
system) set with reference to the sensor phase (W-phase) of
the AC motor 13. In this fixed coordinate system, which is set
on the basis of the W-phase, it is possible to express an a-axis
current i and a f-axis current if3 as represented by the fol-
lowing equations (6) and (7) by using the currents iu, iv and iw
of'the three phases. Here, the a-axis is in the same direction as
an axis of the sensor phase (W-phase axis) and the p-axis is
perpendicular to the sensor phase axis (W-phase axis). K is a
conversion factor.

ia=Kx{iw-(1/2)xiu-(1/2)xiv } =Kx(3/2)xiw (6)

iB=Kx((V3/2)xiu=Y3/2xiv) D

The following equation (8) is derived by using the sensed
current iw.sns of the sensor phase (W-phase) as the W-phase
current iw in the equation (6). Further, the following equation
(9) is derived by using, as the U-phase current iu and the
V-phase current iv of the equation (7), the U-phase command
current iu* and the V-phase command current iv¥*, which are
determined by an inverse d-q conversion based on the elec-
trical angle ee, the d-axis command current id* and the g-axis
command current iq* of the AC motor 13. Although it is
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exemplified here that the command current is used to derive
the (-axis current if3, different values other than the command
current may be used to derive the §-axis current if.

ia=Kx{iw-(1/2)xiu—(1/2)xiv}=Kx(3/2)xiw (6)

iB=Kx((V3/2)xiu*~V3/2xiv*) ©

A sensor phase reference current phase x6, that is, a current
phase x6 relative to the W-phase, can be calculated from the
currents i and if} according to the following equation (10).
For the calculation of the current phase x0 as tan~!, this phase
may, depending on the definition of the currents ic. and i3, not
be an angle synchronous with the W-phase. This depends on
axis definition (for example, an exchange of the a-axis and
[-axis or sign change). In order that the current phase x6 may
be 0 degree when the sensed W-phase current iw.sns crosses
zero (0 ampere) from the negative polarity to the positive
polarity, and that the phase x0 may be 180 degrees (an angle
synchronous with the W-phase) when the sensed current
iw.sns crosses zero from the positive polarity to the negative
polarity, the phase x0 may be calculated after an exchange of
the currents ic. and if} or sign handling, or otherwise the phase
difference of +90 degrees due to the perpendicular relation-
ship may suitably be added directly to or subtracted directly
from the phase x6.

x0=tan~'(ip/icr) (10)

In case of estimation of the currents of the other phases than
the sensor phase of the AC motor 13, as shown in FIG. 5, a
current phase reference current phase detection part 18 cal-
culates the command currents iu* and iv* of other two phases
(U-phase and V-phase) by the inverse d-q conversion based on
the electrical angle e6, the d-axis command current id* and
the g-axis command current iq* of the AC motor 13. Then, by
using the sensed current iw.sns of the sensor phase (W-phase)
sensed by the current sensor 15, the a-axis current i and the
g-axis current if} are calculated by the equation (8) by using
the command currents u* and iv* of the other two phases
(U-phase and V-phase). The sensor phase reference current
phase x0 is calculated by the equation (10) by using the a-axis
current it and the f-axis current if3.

Subsequently, the basic wave estimating part 19 calculates
the estimation factor fu(x0) according to the current phase x0
relative to the W-phase according to the equation (5), a data
map or the like, and calculates the estimated U-phase current
iu.est from the estimation factor fu(x6) and the sensed
W-phase current iw.sns according to the equation (4). Alter-
natively, the estimating part 19 may calculate an estimated
current iu.est in the U-phase directly from the current phase
x0 relative to the W-phase and the sensed W-phase current
iw.sns according to the equation (3).

Generally, if an operational equation is packaged in a pro-
cessing unit such as a control ECU (microcomputer), the unit
processes the equation with discrete time, not continuous
time, and handles sensed values and computed values as
discrete values based on a specified resolution (LSB). There-
fore, if a division by zero occurs in the equation (3), it is
preferable to set a limit to the estimation factor fu(x0) or the
term 1/tan(x0) in the factor in order to prevent the estimated
current from being calculated as an unintended value under
the influence of the discrete system. For the implementation
of'the equation (3), it is effective to map the estimation factor
fu(x0) or the term 1/tan(x0) in this factor with the argument
x0 in order to avoid multiplications and divisions, which are
high in processing load. In this case, it is preferable to set a
limit to the estimation factor fu(x0) or the term 1/tan(x0) on
the map. Such measures facilitate application to a discrete
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system, making it possible to minimize the processing load on
the microcomputer. Consequently, there is no need to replace
the microcomputer with an expensive one that is high in
processing performance.

Subsequently, if the sensed W-phase current iw.sns is 0
ampere, the zero-crossing time point interpolation part 20
interpolates the estimated current iu.est calculated as O
ampere according to the equation (3) or (4) in the U-phase.
Normally (when the W-phase current iw does not cross zero
as will be described below), the interpolation part 20 directly
outputs the estimated U-phase current iu.est input from the
basic wave estimating part 19. When the W-phase current iw
crosses zero (when the sensed current iw.sns is 0 ampere or in
a specified range that includes 0 ampere and may be 10
amperes, 5 LSB, or another suitably set range, or be specified
according to a numerical equation or the like), the interpola-
tion part 20 fixes d-axis command voltage Vd and the g-axis
command voltage Vq for the AC motor 13, interpolates the
estimated U-phase current iu.est, outputs the interpolated
current, and sets the interpolated current as an estimated
current iu.est.fix in the U-phase for the d-q conversion. Alter-
natively, the interpolation part 20 may interpolate the esti-
mated U-phase current iu.est by directly holding it at the
previous value or a previous value of it. Alternatively, the
interpolation part 20 may interpolate the estimated U-phase
current iu.est by: holding the d-axis estimated current id.est
and g-axis current iq.est at the previous values or previous
values of them; performing an inverse d-q conversion for
calculating the estimated U-phase current iu.est from the held
currents id.est and iq.est; and interpolating the estimated
U-phase current iu.est with the estimated currents obtained in
the three phases by the inverse d-q conversion. The estimated
U-phase current iu.est may be interpolated by being calcu-
lated by a part other than mentioned in this embodiment, or be
interpolated by another suitable method.

Subsequently, the d-q conversion part 21 calculates the
d-axis estimated current id.est and g-axis current iq.est by
means of the d-q conversion from the sensed W-phase current
iw.sns and the estimated U-phase current iu.est.fix for this
conversion.

This avoids sharp fluctuations in the estimated U-phase
current iu.est by interpolating it even if it cannot be calculated
accurately when the W-phase current iw crosses zero. Mere
interpolation of the estimated U-phase current iu.est may
make the current feedback control of the AC motor 13
unstable due to an error (estimation error made by the inter-
polation). However, the fixation of the command voltage Vd,
Vq for the motor 13 excludes the influence of the error in the
estimated U-phase current iu.est (prevents the command volt-
ages Vd and Vq from fluctuating due to the error).

The motor control circuit 16 performs the foregoing cur-
rent estimation in this embodiment according to a current
estimation routine shown in FIG. 6.

The motor control circuit 16 repeats the current estimation
routine at a specified operation period while the circuit is on.
When the routine is started, the motor control circuit 16 reads
in at step 101 the current iw.sns sensed in the W-phase by the
current sensor 15 and the electrical angle ef determined from
the rotational rotor position m6 sensed by the rotational posi-
tion sensor 14.

Then at step 102, the inverse d-q conversion is executed to
calculate the command currents iu* and iv* of the other two
phases (U-phase and V-phase) based on the electrical angle
e0, the d-axis command current id* and the g-axis command
current iq* of the AC motor 13.

At the following step 103, the ci-axis current is ia calcu-
lated by the equation (8) by using the sensed current iw.sns of
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the sensor phase (W-phase). Further the f-axis current if} is
calculated by the equation (9) by using the command currents
u* and iv* of the other two phases (U-phase and V-phase). At
step 104, the sensor phase reference current phase x6 is cal-
culated by the equation (10) by using the a-axis current ict
and the p-axis current if3.

Subsequently, the current estimation routine proceeds to
step 105, where the motor control circuit 16 calculates the
estimation factor fu(x0) according to the current phase x6
relative to the W-phase according to the equation (5) or the
data map. Subsequently, the routine proceeds to step 106,
where the motor control circuit 16 calculates the estimated
current iu.est in the U-phase from the estimation factor fu(x0)
and the sensed W-phase current iw.sns according to the equa-
tion (4). Alternatively, the motor control circuit 16 may cal-
culate an estimated current iu.est in the U-phase from the
current phase x0 and the sensed W-phase current iw.sns
according to the equation (3).

Subsequently, the current estimation routine proceeds to
step 107, where the motor control circuit 16 checks whether
the W-phase current iw is crossing zero. The checking
depends on whether the sensed W-phase current iw.sns is O
ampere. Alternatively, the checking may depend on whether
the sensed W-phase current iw.sns is within the specified
range including 0 ampere (for example, the absolute value of
this current is equal to or smaller than a specified value, or the
absolute value of the estimation factor fu(x60) is equal to or
larger than a specified value). Alternatively, the checking may
depend on the current phase x6 relative to the W-phase
because this phase is synchronous with the sensed W-phase
current iw.sns.

If the motor control circuit 16 determines at step 107 that
the W-phase current iw is not crossing zero, the current esti-
mation routine proceeds to step 108, where the motor control
circuit 16 adopts the estimated U-phase current iu.est calcu-
lated at step 106.

If the motor control circuit 16 determines at step 107 that
the W-phase current iw is crossing zero, the current estima-
tion routine proceeds to step 109, where the current control
circuit 16 fixes the command voltages Vd and Vq. At step 107,
the motor control circuit 16 may fix the command voltages Vd
and vq directly (for example, by holding them at the previous
values) or by forcing the d-axis current deviation Aid and the
g-axis current deviation Aiq (FIG. 3) to be O[A].

Subsequently, the current estimation routine proceeds to
step 110, where the motor control circuit 16 interpolates the
estimated U-phase current iu.est. At this step, the motor con-
trol circuit 16 may interpolate the estimated U-phase current
iu.est by directly holding it at the previous value of it. Alter-
natively, the motor control circuit 16 may interpolate the
estimated U-phase current iu.est by: holding the d-axis esti-
mated current id.est and g-axis current iq.est at the previous
values of them; performing an inverse d-q conversion for
calculating the estimated U-phase current from the held cur-
rents id.est and iq.est; and interpolating the estimated
U-phase current iu.est with the estimated currents obtained by
the conversion. The estimated U-phase current iu.est may be
interpolated by being calculated by means of other logic, or
be interpolated by another suitable method.

After the motor control circuit 16 sets at step 108 or 110 the
estimated U-phase current iu.est as the estimated U-phase
current iu.est.fix for a d-q conversion, the current estimation
routine proceeds to step 111, where the circuit executes the
d-q conversion for calculating the d-axis estimated current
id.est and q-axis current iq.est from the sensed W-phase cur-
rent iw.sns and the estimated U-phase current iu.est.fix.
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According to the embodiment described above, the refer-
ence current phase x6 of the sensor phase is calculated based
on the a-axis current ic and the B-axis current if} in the fixed
coordinate system (a-f coordinate system), which is formed
with respect to the sensor phase as a basis. As a result, the
actual current phase x0, which is based on the sensor phase,
can be calculated accurately. Since the estimated current
iun.est of the U-phase is calculated based on the reference
current phase x6 ofthe U-phase and the sensed current iw.sns
of'the U-phase, the estimated current iu.est of the U-phase can
be calculated accurately in consideration of influence of high
harmonic components of the actual current phase x0 and
various changes, which occur normally. Thus, the estimated
current iu.est can be calculated with higher accuracy.

Further, according to the embodiment described above,
since the d-axis and the g-axis estimated currents id.est and
iq.est are calculated based on the sensed current iw.sns of the
W-phase and the estimated current iu.est of the U-phase, the
d-axis and the g-axis estimated currents id.est and iq.est can
be calculated accurately. Since the current F/B control is
performed by using the d-axis and the g-axis estimated cur-
rents, the AC motor 13 can be driven stably.

Further, according to the embodiment, the estimated cur-
rent iu.est of the U-phase is calculated by calculating the
estimation coefficient fu(x0) corresponding to the reference
current phase x0 of the sensor phase and calculating the
estimated current iu.est of the U-phase by multiplying the
sensed current iw.sns of the W-phase by the estimation coef-
ficient fu(x0). As a result, the estimated current iu.est of the
U-phase can be calculated without using a current amplitude
and hence error factor for the calculation of the estimated
current iu.est can be reduced. The estimated current iu.est
thus can be calculated with higher accuracy.

Further, according to the embodiment, since the current of
the U-phase is estimated based on the sensed current of
W-phase, it is possible to decrease influence of a gain error of
the current sensor, which will arise in a conventional AC
motor control system using plural current sensors. As a result,
the AC motor is protected from producing output torque
variations caused by the gain error. In case of a vehicle,
vibration of the vehicle is reduced and commercial value of
the vehicle can be maintained.

In the above-described embodiment, the current sensor 15
senses the current in the W-phase as the sensor phase. Alter-
natively, the sensor 15 may be connected to sense the current
in the U-phase or V-phase as the sensor phase. In the embodi-
ment, the motor control circuit 16 calculates the estimated
current in the U-phase as the other phase. Alternatively, the
motor control circuit 16 may calculate an estimated current in
the V-phase or W-phase as the other phase. Further, the motor
control circuit 16 may calculate estimated currents in two
phases other than the sensor phase.

In the above-described embodiment, the AC motor control
apparatus is assumed to be provided with only one inverter
and only one AC motor. However, the apparatus may be
provided with two or more inverters and two or more AC
motors. Alternatively, the apparatus may include an inverter
and two or more AC motors connected in parallel to the
inverter, as exemplified in an electric train.

In order to prevent the d-q conversion from being disabled
because of the current sensed in only one phase, the d-q
conversion is enabled by estimating the current in a different
phase. Alternatively, a new d-q conversion equation may be
created that is effective even for the current sensed in only one
phase. However, either method provides a mathematically
equal result.
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The apparatus is not limited to hybrid vehicles of the struc-
ture shown in FIG. 1. The apparatus can be applied to hybrid
and electric vehicles of any structure. The apparatus is not
limited to the AC motor control apparatus fitted on an electric
vehicle or a hybrid vehicle but can be applied to other AC
motor control apparatus as well.
What is claimed is:
1. An AC motor control apparatus for a system, which
includes a three-phase AC motor having a first phase, a sec-
ond phase and a third phase, and a current sensor for sensing
a current flowing in the first phase, the AC motor control
apparatus comprising:
a controlling part configured to control power supply to the
AC motor,

wherein the controlling part includes a current estimating
part configured to calculate a current phase angle of the
first phase as a reference, based on an a-axis current and
a [-axis current in a fixed coordinate system defined by
an o-axis and a §-axis, which are in a same direction as
the first phase and perpendicular to the first phase,
respectively, and calculate an estimated current of at
least the second phase other than the first phase based on
a calculated current phase angle of the first phase and the
sensed current of the first phase, and

wherein the current estimating part is further configured to

calculate the ai-axis current and the f-axis current based
on the sensed current of the first phase and a command
current of at least the second phase.

2. The AC motor control apparatus according to claim 1,
wherein:

the current estimating part is further configured to calculate

an estimation coefficient corresponding the calculated
current phase angle of the first phase and calculate the
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estimated current of at least the second phase by multi-
plying the sensed current of the first phase by the esti-
mation coefficient.

3. The AC motor control apparatus according to claim 2,
wherein:

the current estimating part is further configured to calculate
ad-axis estimated current and a g-axis estimated current
in a rotating coordinate system of the AC motor based on
the sensed current of the first phase and the estimated

10
current of at least the second phase; and
the controlling part is configured to control the power
supply to the AC motor by using the d-axis estimated
current and the g-axis estimated current.
15

4. The AC motor control apparatus according to claim 2,
wherein the current sensor is provided for only the first phase.

5. The AC motor control apparatus according to claim 2,

wherein the current sensed by the current sensor current is

5o variable with an amplitude and an electric phase angle of the
current.

6. The AC motor control apparatus according to claim 1,
wherein:

the current estimating part is further configured to calculate

23 ad-axis estimated current and a g-axis estimated current
in a rotating coordinate system of the AC motor based on
the sensed current of the first phase and the estimated
current of at least the second phase; and

5  the controlling part is configured to control the power

supply to the AC motor by using the d-axis estimated
current and the g-axis estimated current.
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